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FINAL REPORT

CONTRACT NASw-L430

MILLIMETER-WAVE CONVERTER STUDIES

I. INTRODUCTION

This contract was directed toward the study of the feasibility of
building a low noise, wide bandwidth, electronically tunable converter in

the millimeter-wave range. The contract was divided into two basic study

areas,

The first study area had as prime objectives the theoretical
analysis of the backward wave converter operation and the theoretical
analysis of r-f structures that would give good performance in the milli-

meter wave range,

The second study area was experimental in nature and included
measurements to correlate the results of the theoretical study areas as
well as the study of electron guns for use in a millimeter-wave converter
and the weight and power requirements of a converter relative to possible

use in a planetary spacecraft,

The information presented in Bimonthly Reports 1, 2, and 3 will
not be repeated in detail in this report. The work accomplished since the
last report (Bimonthly Report No, 3) will be reported on in Section II of
this report, a summary of the over-all program will be presented in Section
111 and conclusions and recommendations for future work will be presented

in Section IV,

I1. WCRK ACCOMPLISHED DURING THE PAST INTERVAL

A. Theoretical Analysis of the COperation of the Backward Wave Converter

1. Space Charge Analysis

For the sake of clarity the discussion of the space charge analysis
done during the past interval will be deferred to Parts II B and III A of

this report,



2. Ballistic Analysis

During the paét interval two extensions of the ballistic theory
were completed. In the first extension the approximate analysis presented
as Appendix I of Bimonthly Report No. 2 has been modified to include the
effect of the cosinusoidal variation of the envelope of the accelerating
electric field, The analysis proceeds along the same lines as before, and
it turns out that the cosinusoidal variation does not complicate the analy-
sis to any significant extent, Likewise, the results do not differ greatly
from those obtained previously for the constant amplitude case., The details
of this analysis are presented in Appendix I of this report.

In the second extension the ballistic analysis has been further
modified to include the effects of space-charge in addition to a cosinu-
solidal envelope variation of the electric field in the oscillator section
of the device. This analysis, which is presented in Appendix II, combines
the ballistic analysis presented in Appendix I with the pure space-charge
analysis presented in Section III of this report.

B. Experimental Measurements on Low Frequency Converter and Correlation
With Theory

1. Construction of Experimental Low Frequency Converters

During the course of this investigation and as described in
earlier reports two experimental low frequency converters were constructed,
The first designated the X-422 is a single helix device in which the input
signal is injected into the collector end of the circuit, While numerous
measurements were taken on this device they did not prove to be conclusive
because of the difficulty in measuring the i.f, impedance, During the
course of measurement a considerable effort was expended to determine the
impedance of the i,f. load. Unfortunétely this proved to be an elusive

quantity to evaluate,

The second experimental converter designated the X-423 proved to
be an extremely valuable device., This converter which is depicted schemati-

cally in Figure 1 was designad to operate in the 500 to 1000 mc frequency



range. The oscillator portion of this device was severed in three places so
that four different circuit lengths could be investigated, Figure 2 shows

the excellent agreement which was obtained between the calculated and
measured parameters of this portion of the device, 1In studying the charac-
teristics of the X-423, considerable data was obtained for each effective
oscillator length, Figures 3, 4, 5 and 6 are typical of the data which was
obtained, In the following sections of this report it is shown that excellent

agreement with theory was obtained,

2. Correlation With Ballistic Theory

In Appendix I, the ballistic analysis of the BWC was extended to
include the effect of the cosinusoidal electric field amplitude envelope in

the BWO section, It was shown there that the conversion gain is given by:

KRya
cG(db) = 20 log (—}—2 ) + 20 log (Q)if(dﬂ ) + 10 log (é‘v—z-)

Ny g o 'I%

where all the quantities appearing in this expression have been defined in

earlier reports,

Before the conversion gain may be evaluated numerically, values
must be chosen for the various parameters appearing in the above expression,
A calculation of X has been made for the no-space-charge case, and the
- “eults are presented in Figure 7 with YQfﬁFE— 2C) plotted as a function

3ai.., This calculation is straight-forward but somewhat tedious,

the casculacions were performed with a desk calculator.

On the basis of what appear to be reasonable assumptions, a value
of 500 ohms has been chosen for RL’ the load impedance at the i,f, frequency.

This value has been used in all of the subsequent calculations,
Representative comparisons between theoretical conversion gain

and measured values are shownin Figures 8, 9, and 10, The Stanford nomo-

graph was used to determine the circuit impedances, and in each case the

_3-
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gain parameter C was calculated, using the appropriate current, (100 per cent
beam transmission was assumed.) The paramecer)<'was then determined from
Figure 7. All other parameters appearing in the <. "~ #nv the conversion

¢ gain are known; so it could then be evaluated., The ¢ .version gain carce...

<+ %7 . tions;were done with a slide rule.

3. Correlation With Non-Linear Space Charge Theory

Calculations were made using the theory developed in the non-linear
space charge wave analysis to demonstrate the correlation with experimental
results, The two circuit lossless case was assumed and the experimental
results of the X-423 low frequency backward wave converter were chosen for
correlation, Two experimental curves of conversion gain and the theoreti-
cally predicted conversion gains are shown in Figures 11 and 12, Figure 11
shows the correlation for the case where the oscillator helix length was
made 35-2/3 turns and Figure 12 shows the correlation where the helix length
was 32 turns, These figures provide evidence that the analysis used is

reasonable and can be used to predict results with fair accuracy.
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C., rleasurements on Slow Wave Structures

1. Cold Test Measurements

During the past interval additional cold test measurements were
conducted on the ridge loaded meander line, Efforts were concentrated on
obtaining reliable impedance measurements as well as a simplification of
the circuit, The impedance measurements can now be made reliably and are
always repeatable, In fact the results obtained at this laboratory and
our British affiliate, Standard Telecommunication Laboratories, are identical,
Gf particular interest is a simplification which has been made in the meander
line, TFigure 13 is a photograph of two circuits which have been used in
the cold test measurements, 1t is seen that these circuits differ only in
regard to the presence of the smaller slots, Measurements of these circuits
yielded identical results for both the dispersion characteristics and im-
pedance to within a fraction of one per cent, The values are well within
experimental error. From the configurations shown in Figure 13, the importance
of the simplification becomes apparent when one considers the fabrication of
millimeter wave circuits, Figure 14 is a photograph of an actual 50 to 70 Ge
circuit which has been enlarged approximately ten times., The circuit is
constructed of .005" molybdenum sheet, The slots and spacings are approxi-
mately ,005" wide. The pitch accuracy of this circuit is in the order of

0001, This circuit was fabricated using spark machining techniques,.

2., Weak-Beam Phase Bridge leasurements

During the past interval work continued on the demountable exhaust
station in an effort to obtain wmore definitive measurements of the dis-
persion and impedance characteristics of slow wave structures, Figure 15
is a photograph of the experimental setup, The circuit which is presently
under study is a ridge loaded meander line similar to that shown in Figure
13, but scaled for operation in the 6000 mc region, while good dispersion
data were obtained with lictle trouble the impedance neasurements proved
to be much more difficult, The bridge impedance readings which were obtained
were of the correct magnitude to agree with the cold el mcasuremants,

nfortunately however, they were difficult to repeat. The dispersion




Figure 13 Original and Simplified

Versions of the Meander Line
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characteristics agreed within experimental error with the cold test measure-
ments that were reported in Bimonthly Report No, 3., The difficulties en-
countered here have been attributed primarily to beam transmission and it

is believed they can be eliminated with a modification of the equipment, It
is the intension of this laboratory to continue on this work as we feel there
are definate advantages to be obtained, While useful data can be obtained
from cold test measurements there are always ambiguities to be resolved,

especially when a circuit is to be operated in a higher space harmonic and

passband,

3. Construction of an Experimental 50 to 70 Gc Backward Wave
(scillator Tube

Our British affiliate, Standard Telecommunication Laboratories,
has been working on an experimental Backward Wave Oscillator for the 50
to 70 Ge frequency range. This tube is applicable to this program because
the frequency range and type of slow wave circuilt is similar to what would
be required in a backward wave converter, The slow wave structure for the
tube is fabricated using photo etching techniques, Figure 16 is a photo-
graphic enlargement of two actual meander line circuits while Figure 17 is
a schematic representation of the circuit and its waveguide transitions,
Figure 18 is a‘photgraph of the r-f portion of the tube while Figure 19
displays the insertion loss and VSWR measurements, At this writing initial
operation had been obtained as an oscillator. Because both ends of the
circuit are available the device will also be operated as an amplifier,
It is intended that an attempt to operate the device as a single circuit
converter will be made, although the 1,f, detection circuit will not be

optimum,
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D, Electron Beam Studies

1. Thick Beam Optics for the Backward Wave Converter

The aim of this study is to examine the possibility of utilizing
a '"thick" beam in the BWC in orxder to provide a reservoir of new electrons
to replace these which have been intercepted by the circuit., The considera-
tion which led to this suggestion is that at millimeter wavelengths the
problem of beam transmission becomes increasingly severe, There is a
particular need to make the BWO section as efficient as possible, and since
this is preceded by a relatively long structure, the idea of utilizing a

thick beam becomes very attractive.

In Bimonthly Report No, 3 a characteristic equation for a BWO
interacting with a thick beam tilted at an angle 8 was derived, This dis-
persion curve has now been programmed and preliminary numerical results
have been obtained, These results show the anticipated increase of
starting curr}er.xt with @ for small values of & ., For larger values of O the
results indicate a decrease of starting current which is clearly non-physical,
and appears to be due to certain assumptions relating to the smallness of .
Further study to resolve this issue is called for, However, the results for
sufficiently small © appear to be sound, and suggest that the increase in
starting current, for values of © for which there is a considerable replenish-
ment of current (say © ; 10-3), is not likely to be excessive, The interim
conclusion for the theoretical study, therefore, supports the original hope
that the use of the thick beam electron optics could lead to a substantial

easing of the electron optical problems associated with the two circuit BWC.

In the case of the single circuit BWC, the use of the thick beam

technique is considerably less attractive for two reasons:

(1) 1In the two circuit BWC, the beam would be tilted only onto
the second circuit, namely, the oscillator circuit., Thus sufficient gain
would by this point have accumulated to make the resulting interception noise
insignificant, In the case of the single circuit EZWC there is no prior gain,

and hence the interception noise would probably prove pronibitive.



(2) The single circuit BWC is less than half the length of the
two circuit BWC, and furthermore, the gun is located close to the input.
The electron optical problems are therefore far less severe, and the use of

thick beams would therefore not in any event be justifiable.

As will appear from other sections of the report, our thinking is
tending in the direction of using a single circuit BWC in the final willi-
meter wavelength device, It is not therefore proposed to deploy very much

further effort on this topic.

2. Cathode Considerations

The cathode and electron gun requirements for millimeter wave tubes
will tend to be very much more severe than for comparable microwave tubes,
This comes about primarily because smaller beam dimensions are required while
the beam power levels remain relatively unchanged, The result ,of course, is
that the catho&e and beam current densities are increased considerably. Under
these conditions the trend has been to use cathodes of the Philips types, which
permit loading densities of the order of several amperes per square centimeter,
but at increased temperatures over that of the normal oxide cathode. A notable
exception is a gun developed under the sponsorship of the Electronic Technology
Laboratory under Contract No, AF33(616)-64il which has an area convergence
ratio greater than 1000; This gun would still permit the use of an oxide
cathode in certain instances. The use of the higher temperature cathodes,
while advantageous for high current densities, are not desirable where low
noise operation is desired. In addition, to confine the excursion of electrons
due to greater thermal velocities the magnetic focusing field must be furtuner
increased. 1In reviewing the cathode requirements our attention was called to
a cathode presently under development at the Bell Telephone Laboratoriesl, We
subsequently visited the Bell people to learn more about this cathode, The
cathode comprises a relatively thick pellet of Ni powder mixed with ZrH on
top of which is a thinner layer of Ni and BaCO3. This is pressed and then
heated to 600°C in N where the ZrH breaks down and the Zr allceys with the X1,
The pellet is then repressed, a 1000 X layer of Ni is evaporvated onto the

top surface and the cathode is then activated at a pigh temperature, {0 being

1. Maurer, D, W,, Becker, E. J., Koontz, " A New Nickel Matrix Cathode"
Presented at the 1962 Electron Devices Meeting, Sneraton Park Hotel,
Washington, D.C,



evolved and passing through the outer Ni layer. Ba diffuses thruugh this
layer and spreads evenly over it, If the cathode has subsequentiy to be
exposed to air the Ni layer protects it from absorbing water vapor. Current
densities of 1.5 amps/cm2 at 900°C have been drawn for 3000 hrs in test
diodes. Equal emission can be drawn at temperatures 100°C lower than the
Philips impregnated cathode, 1t is believed that the cathode will have the
advantages of long life and mechanical stability because the bariated layer
is relatively thin and the cathode operates at a relatively low temperature,
Uniform emissivity is expected because the outer surface is nickel of a
uniform texture. It is the intention of this laboratory to explore the use

of this cathode in any future program,



III, SUMMARY OF THE OVER-ALL PROGRAM

A, Theoretical Analysis of Operation of the Backward Wave Converter

1. Introduction

All problems of physics concerned with the motion of charged particles
can be attacked by two distinct methods. In one case the particle nature is
utilised, i.e. the trajectories of individual particles are followed while 1in
the other case a continuous fluid is assumed where velocity and density variations
can occur, This duality appeared also at the first analyses of velocity modulated
tubes. Webster 1"(c-:hose the ballistic analysis whilst Hahn 2 and Ramo 3 introduced
the concept of space charge waves. The first approach is useful in the region of
weak space charge and large signals and the second one finds application for
small signals and strong space charge. Naturally both approaches can be further
refined by including space charge corrections into Webster's theory or including
nonlinear terms into space charge wave theory 4. For the special case of a one-
dimensional beam a more general theory can be devised > which contains both
ballistic theory and space charge wave theory as limiting cases. In the general
case, however, there is a no man's land between the two theories where neither of
them applies. Thus the best one can do at the analysis of any electron device is
to investigate its behavior at the two ends (i.e. ballistic and space charge)
and hope that the discrepancy in the middle will not be excessive. This is the
method chosen for the analysis of the BWC. Both type of calculations will be
presented and it will be shown that under some simplifying assumptions the results

given by the two different theories are very close to each other,

2. Space charge wave analysis

The physical model adopted in this Section is an electron beam excilted

. Due to the
b

inherent nonlinearities there will be present in the electron beam a component

simultancously by signals at two different frequencies w, and w

wif = W= W which we wish to extract. The current and velocity at this
difference frequency are given by a differential equation system devised by
De Grasse 6 using a first order non—linear approach {perturbing the linear space
charge wave solution and calculating the next nontinear term).  The differenvict

equations are as follows :-—

* The references for this section as well as Appendicies III and LV will be
given at the end of Appendix IV,

-10~
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az = Jow i 2v a\dz dz b I a ‘b th
if o o] ©
ai 1 *
e 'fli i ~v,+ = (iv v *) + jﬁ;zk_ (2)
dz 172 0 d _ *a'b Va'b
v 21 v
o 0 o
where io,vo - DC current and Velocity respectively,
15V, - current and velocity at the frequency w,
ib’vb - current and velocity at the frequency Wy
it - reduced plasma frequency at W, po

The current and velocity at the frequencies W, and w, are assumed to be

independent of each other but both depend on the applied fieldz. The interaction
between the waves on the slow wave structure and those on the electron beam can
be best described with the aid of coupled wave theory. It is convenient therefore
to use the amplitudes of space charge waves as new variables. The relationship

between the o0ld and new variables is as follows :~

v = - a 2W (A + A ) (3)
v, ‘ s f

=
- = A — A (4)
i W ( S f) L4y
where A ,Af - amplitudes of slow and fast space charge waves respectively
s ZV(%
O
W= - s
wi
VO - DC voltage,
n - electron charge to mass ratio,

-11-



Restricting subsequently the analysis to the case when wif/wa << 1 and
wq/u)a << 1 (both fulfilled in practical applications) the differential equation
system can be easily solved. Substituting for the current and velocity from

Egn (3) and (4) we get :-

wi Bea ’ * *
ielz) =3 Z)a_ 7: Ay Ay = Ap, Apy) d2 (5)
o]

where = W
Bea a/vo.

Thus if the amplitudes of the space charge waves are known a simple

integration yields the i—f current.

a. Comparison of high OC and low OC thories for the one-—circuit BWC

A simplified diagram of the one-circuit arrangement can be seen in Fig,
20(b), The oscillator is working at W the frequency of the input signal is W
and it is amplified by backward wave amplification using the same circuit. The

i-f current can be extracted from the collector circuit.

Since both the BWO and the BWA are working on the same principle and
w, and w —are assumed to be very near to each other the spatial variations of the
space charge waves can be taken as identical. This will permit writing kqn (5) 1in

the following form :-

e Pea ’ 2 2
ea
= —— — B 4 -1 f .
i (W =0 5o 7 BB e | £, (2) l ¢ (2 dz
a 0
0
(6)
where Ba’Bb — amplitudes of input signai and local oscillator signal respectively
g — galn of the BWA,
L — length of the i1nteraction region
£ (z), £, (2) - normalised functions represcnting the spatial
S i

variation of the slow and fasi space charge
waves respectively.
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Assuming for the moment no losses (ihe effect of losses will b treated

in the next Section) the coénservation of encrgy implies that :—

re

where fC is representing the variation of circuit wave, and f (0) = 1,
C

Thus in the absence of losses only the circuit wave appears under the

integral sign.

Our next aim is to calculate Egn (6) both for the 3-wave case (treated
so far) and for the 2-wave case when the fast space charge wave is omitted.
Generally both space charge waves are necessary for describing a beam type amplifier
but if QC is sufficiently large (Pierce's space charge parameter) the operation
of the BWO and the BWA can be explained by the interaction of the circuit wave
and that of the slow space charge wave. The advantage of the 2-wave approach is
that both the oscillation conditions and the amplification parameters can be

analytically determined showing clearly the effect of different factors.

In order to satisfy ourselves how good the high QC approximation 1is, we
compare the relevant expressions with those obtained from low QC theory (detailed
calculations can be found in Appendices ILL and IV ). Writing the gain of the BWA

in the following approximate form :-—

gD T (8)

the variation of K is plotted in Fig 21 and 22 against yC for (1 + o,l)/c = 10 wnd
100 (a, = vo/vg where vg - group velocity). It may be seen that i1f QC > 0.75
the discrepancy between the theories is negligible, For QC = O the high ¢C
approximation obvicusly breaks down. If we chose, nowever, a value like QU = (.25
the value of K deviates little from that given by 3 wave ftheory for QC = G

(We have to note here that a 504 deviation 1s regarded 1n this context as "irttle”

since a few db accuracy in determining the i-I° cwreat woald be sufficient.)
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Similarly if we plot the variation of the circuit wave amplitude square
for QC = 0 and for high QC'we can see (Fig 23) that they are fairly close to each
other. Taking further into account that at QC = 0.25 the value of CN resulting
in oscillation differs only by 10% from its value at QC = 0, we can safely come

to the conclusion that high QC theory will be sufficiently accurate for the

present calculations.

b, High OC calculations for a lossy structure

As derived in Appendix yy the i-f current is given by the following

expression :-—

sa Bcb
e = Vv F(oL, a1,‘h) ()
0
where a - attenuation coefficient of the circuit wave and h = 02 QC. It is

worthwhile to note that Eqn (9) is independent of wif/ma. This 1s characteristic
to the one circuit convertor where conversion is proportional to wif/wa while
BWA gain is inversely proportional to it,as seen in Eqn (8). Plotting F against

{) == 8.68 oL (total circuit loss) in db-s for several values of a1 and h it can

are
1

preferable but as the function is rather slowly varying none of the parameters

be seen (Fig2l) that low loss, low value of h, and low value of «

are critical. The effect of losses on the length (or starting current) of the
BWO are shown by the dotted lines. A further conclusion emerging from Eqn (9)
is that by reducing DC voltage the i-f current can be increased. The relationship
is, however, not simply inversely linear because «

the DC voltage.

] and h are also functions of

The analysis for a 2-circuit BWC is very similar as can be seen in
Appendix IV, The only points which have to be remembered here are that the
gain can be adjusted separately and conversion gain is proportional to i-f

frequency.

¢, Comparison of the one~circuit and two-circuit BWC

A qualitative comparison is given in Table 1, the + and - signs
denoting advantage and disadvantage respectively. The one-circuit BWC can be
used only if the required i-f frequency is well within the amplification region
of the BWA., In this case, however, larger pgain can be achieved because
instability is no longer a danger. If we assume identical gain the 1-f currents

obtained by the two different arrangements compare as follows

“1h-
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f" +2e? in Aj1-y°d L
i-f current two~circuit JITY t e y sin o~ 1=y ) .
- . - (1¢j
i-f current one-circuit 3

o

2d
cs

where y =

Plotting Byn (12) in Fig 25 against . it can be seen that for a
lossless structure the two-circuit arrangement is somewhat better but as the

losses increase the situation 1s reversed.

TABLE 1
. . image freedom for tabilit i 1
length| weight rejection’| choosing the stability) noise
i-f frequency
one-circuit + + - - + -
two-circuit - - + T+ - + |

3. Ballistic Analysis

An approximate analysis of the backward wave converter was obtained
by Dr. Murray Sirkis using a simple ballistic analysis, This was presented
as Appendix I of Bimonthly Report No, 2, The simple analysis was then ex-
panded by investigating the parameter { and the dependence of current ampli-
tude on the position along the trajectory which were presented as Appendices
I and II of Bimonthly Report No. 3, The analysis was then further extended
to include the effects of space~charge and of the cosinusoidal envelope of
the electric field, These extensions are included as Appendices I and II of

this report and will not be expanded upon further in this section,

~15-
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4, Comparison of space charge wave and ballistic analyses

Space charge wave theories have been very successful in predicting
the low level operation of electron beam devices and even nonlinear phenomena
can be tackled by using higher order perturbations. The first effect of non-
linearity can be relatively easily obtained but the disadvantage of this method
is that it fails to predict saturation effects. A second order theory is
possible but analytically intractable. Thus it is much more convenient to employ
a ballistic analysis for this purpose as done in Appen. I 2& 1L Further advantage
of ballistic theory that the conclusions are not restricted to start of
oscillation conditions. It 1s, however, less flexible which means that two

separate analyses would be needed for the one-circuit and two-circuit BWC.

The i-f currents given by the two different theories for a lossless

two~circuit BWC are as follows :-

w. 4N
i :——-grB
a (8]

sa sb

from Bqn (A.16) of space charge wave theory substituting o = O.

The two expressions do not seem tlo agree at first sight but this is due
to the unfortunate fact of different notations and different variables. If we

take 1nto account that

_
It
H
A
=
o}
11
5

=
]
-
-
C
C
u

P
<

and

-1~



i1t can be easily shown that the two formulae are identical but for = constant

factor which is

This agreement 1is very encouraging and gives confidence in the validity

of both theories.
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B.

Slow Wave Structures

1. Choice of Slow-wave Structure

In considering the most suitable type of slow wave structure for the
convertor we have to bear in mind that the requirements of over-riding importance
are low noise and high efficiency; other desirable features are small size and
low weight. To these, the designer of a millimeter tube must add the desirability

of a structure which is easy to fabricate.

The efficiency of a backward wave oscillator under the low space charge

conditions occurring in millimeter tubes is proportional to the Pierce parameter
C ! where C3 = K Vo

41,
in use, Vo is the beam voltage and I0 the beam current, The theoretical analysis

and K is the interaction impedance of jthe space harmonic

of convertor operation suggests that Vo should be kept as low as possible and hence

to obtain as high an efficiency as possible K should be as high as possible.

Of the circuits which have been studied the helix and ladder type circuits
all have high interaction impedances compared with the coupled cavity circuit. qpe
latter, therefore, although it has been used successfully for backward wave
oscillators is not very suitable for this application, especially as it may not
be possible to take advantage of one of its important properties, high heat
dissipation, because the low noise requirement may necessitate small interception

of the beam by the circuit if a single circuit 1s used 1n the convertor.

The simple helix is a very good circuit in theory but at millimeter
wavelengths is very small and difficult to make and, unless unconventional methods
are used to support it, has very poor heat dissipation indeed. The same objections
hold,with stronger force, in the case of the bi-filar helix. The ring and bar
structure is more rugged but it has the property, exploited when used for high
power forward wave amplifiers, that the fundamental forward wave 1s increased ut

the expense of the harmonics.

The ladder type structures considered are the interdigital line, the
Karp and Anti-Karp structures and the ridge loaded meander line. The interdigital
line involves the problem of intermeshing two structures, as does the bi-filar rnelix.
This is not only a difficult constructional problem in itself but 1t makes wil the
more difficult the attainment of the symmetry required to avoid a stop band ut
3¢ = n in these bi-periodic structures. The interdigital Iine, anti-Karp

structure and the bi-filar helix have backward fundamental space harmonics, which

1. Grow, R.W,, Watkins, D, A,, '""Backward Wave Oscillator Efficiency"
Proc. IRE 43, P8LE, July 1955,
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results in a high impedance but also makes them impossibly small at millimeter
wavelengths, especially if Vo has to be kept low. On the other hand the next
backward harmonic would have too low a value of K. At these frequencies the use

of the first backward harmonic of a forward fundamental seems optimum.

This leaves the Karp structure and the ridge loaded meander line as
being the most promising circuits for use in a millimeter backward wave
convertor, because of their relatively high impedance, reasonably good heat
dissipation, large size and ease of construction. A detailed analysis has

therefore been made of these two structures and the results are discussed below.

The Karp Structure and the Ridge Loaded Meander Line

The ridge loaded meander line is shown diagrammatically in Fig, 26,
which defines the physical parameters. Dispersion curves and curves of the
impedance of -2 space harmonic, which is the space harmonic suitable for back-
ward wave operation were calculated and presented in Bimonthly Report No. 2,
These were plotted as the normalized frequency f' against , the phase change
per bar and the -2 space harmonic impedance 2_2 against f', ‘_"g R 2— and &

are parameters and P

fro= f/fo

f is the frequency
P = £

o  4b

¢ 1s the velocity of light
o« = a/b

The Karp structure is shown diagrammatically in Fig 27 and Fig 28- 42
are curves of the dispersion and the impedance of the -1 space harmonic which is
the harmonic in this structure most suitable for backward wave operation. The

curves are presented in the same form as those for the ridge loaded meander liue.

Examination of the curves shows that with both circuits,as the ridge 1s

brought closer to the line (i.e. as LS decreased) the bandwidth increases.
P
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Figure 26

Ridge Loaded Meander Line



Symmetrical Karp Structure

Figure 27
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However, when';— is very large, the Karp circuit has very little bandwidth,
while that of the ridge loaded meander line is still quite considerable. In
fact, if there is no ridge at all, the bandwidth of the Karp circuit 1s zero
while that of the meander line is 67% (one octave frequency coverage). On the
other hand, as the ridge is brought nearer to the circuit the impedance of the
ridge loaded meander line falls but that of the Karp circuit remains relatively
unchanged although the value of f' at the centre frequency falls in the Karp
circuit, thus reducing the width of the circuit and hence the available bcam
cross-section. Thus while the value of f' at the center frequency is typically
1.5 for the ridge loaded meander line, whatever the degree of loading, for a
broad band Karp circuit it might be as low as 0.8 and hence the former circuit

would have almost twice the width of the latter.

For the Karp structure o is a measure of the width of the ridge.
Variation of « has very little effect; o = 0.5 gives the optimum bandwidth and the
impedance decreases slowly as a increases. In making calculations on the ridge
loaded meander line the separation of the connecting links has been taken equal
to the width of the ridge, although it is not essential that this be so. In
this case variation of o has much more effect. As o« 1s increased the impedance
increases considerably. Also, as « rises above 0.5 the bandwidth falls sharply.
From calculations and measurements made on the unloaded-meander line it is known
that the input match has the broadest band when & = 0.4, This is therefore the
most suitable value for « unless bandwidth has to be sacraficed to obtain the

highest values of impedance.

Increase of the HlﬂumﬂAU‘d/q lowers the impedance 1n both cases. In
the case of the ridge loaded meander line it reduces the bandwidth as well but it
seems to have little effect on the bandwidth of the Karp c¢ircuit. Chotce of
this parameter depends on practical considerations. 1 1t as Kept too =muil, the
circuit will be difficult to construct, fragile and bave poor heat dissipation.
On the other hand it is diflicult to make clreutrts by phovographic elchiing wiin
a greater than 0.5, altliough there is no such limitatron if spark pachining -
eniployed.  The samplifien theory used 1n the analysis suggests toat the civewn
loss will 1increase atuadx[y'us‘& 15 1ncreasad but 1t deoes not deal adoguatedy
with effects atl the bar cornvisand it 1s possible that theve 1s value of d  which

a
L
will give minimum circuit loss. Until this point is established, eltier theoretie: .

-20-



or experimentally, the value of 0.5 will serve as a reasonable compromise on

grounds of mechanical strength and thermal dissipation.
W
In order to reduce the number of variables, 52 has been made O in
all cases. This means that in theory the circuits operate down to zero frequency
but in practice the impedance has dropped to a very low value in this region.

In a practical case where W, is finite the lower cut off may be found from the

2
expression
¥
— = +tan ka tan k(b-a) where k = ZH/XO
2
W

Where fr'is 5 or greater the useful part of the dispersion and impedance plots

will not differ-greatly from those given.

For our purposes the optimum parameters for the ridge loaded meander
line may be taken as « = 0.4, d/q = 0.5 and for the Karp circuit, a = 0.5,
d/q = 0.5 ( Figures 36 and 37 ). For the Karp circuit, 1f we consider that
WT/P = 0.25 brings the ridge as close to the line as is practicable, then a
bandwidth of 20% can be obtained if somewhat arbitrarily we require that the

variation of impedance over the band should not zxcecz (07311, A reasonable

target for bandwidth is that of a normal wavezuide, i.e. (Y. To obtain i:1s 4
value of W1/? of 0.1 would be requirsl making ithe ~learan. 2<ivien  ine - d riige
of the order of 0.00%1 in. at 5C kM - Using tne riage icaded meander 1i'h
circuit a 40% bandwidth couid be oivained Wit in 1apadance ratio of 100 at a
ridge separation of k}/r = 1.75 alt.. i the impedancs values would be louwer than
for the Karp circuit by a factor of 2 & . This is nvr ¢ large factor when it

is remembered that C i:s proportiocnal @ .ne cube root °  ..dance. Also. whereas
the impedance of the Karp circuit is & steepiy rising - "« tlo of frequency over
the whole range, the impedance of ti. .idge loaded .cande. 1.n¢ reaches  maximunr
and then falls again. hence there iz . frequency ange er wiich the .upedance

is fairly comstant and tnis can be ncreased, al wie 2xwpe.-2 of a furthsy rail

in impedance, by reducing Ww, .

It should be mentionec ; .e that the niegh moe: v 2 orediotea Tor the

fﬁrp circult occiar cluse to the sh frequency ~u® "7 . ¢her  the Theery 1s leao-
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w

reliable and therefore results in this region have to be treated with caution.
This does not apply to the ridge loaded meander line where the highest impedances

occur well away from the cut-off frequency.

To summarise, the Karp circuit has the highest impedance but has small
bandwidth with the impedance varying rapidly over the band. The lateral dimansions
of the circuit are small, restricting the beam area. The ridge loaded meander
line has lower impedances but a broader bandwidth with the impedance more constant
over the band. This is an important point if we wish to hold the conversion
efficiency constant over the band. It has great flexibility because constancy of
impedance can be traded agalnst magnitude over a wide range by the choice of
ridge to circuit separation. In addition, the circuit has greater lateral
dimensions, giving a greater beam area. It is therefore considered the more
suitable circuit except possibly for applications where the highest efficiency

is required at whatever cost in bandwidth.

Circuit Loss

Circﬁit loss is known to be important in the operation of millimeter
backward wave oscillators and the theoretical analysis of the convertor also
indicates the importance of keeping circuit loss to a minimum., The calculation
of loss for the various types of circuit is a difficult problem but same approximate
calculations have been made which indicate that the loss does not vary very greatly
between one type of circuit and another. However, the measured loss of structures
is found to be many times‘greater than the calculated values. Some part of this
discrepancy is undoubtedly due to the difference between bulk and surface conduct-
ivity and the presence of braze materials etc, but the greater part must arise
from irregularities of construction. Pitch irregularities are probably the most
important source of loss in millimeter slow wave circuits and therefore it is

important that they be kept to a minimum.

Construction of Circuits

A meander line circuit suitable for a backward wave tube at 30 iMc,'s
has been produced by spark machining using a technique which eliminatves all periodic
errors of pitch. Random errors of pitch do not exceed s 1%. Loss measurements
are not yet availiable tor tiis circurt but similar circuilts have Leen made Ly lae
photographic etching process (Fig 10). These have avout 2% of periodic error and
a rather high amount of random error. Such clrcults have been gold brazed between
side walls containing input and output transitions (Figs 17 and 16). No riage
loading was used. The input and output VSWR and the insertion loss of one such
circuit are shown in i1g 1. L ts reusonable to expect much improved results

From the spark machores ciroud bse



C. Electron Beam Considerations

1, The Electron Beam

The Karp structure and the ridge loaded meander line are, in their
simple form, planar structures and as such provide a large interaction
cross-section, particularly the ridge loaded meander line which has a
greater width than the Karp structure. This is an important point because
at these frequencies the fields fall off very rapidly away from the struc-
ture while, to achieve low noise operation, some clearance must be left
between the beam and the circuit to avoid interception, It would therefore
appear that planar circuits using strip beams are ideal for this application,
There are difficulties however, There is not a great deal of experience in
the design of atrip beams and problems may arise in constraining the edge
of the beam in the gun region and in preventing twist of the beam and con-

sequent interception on the circuit,

The usual arrangement is for the strip beam to lie on one side of
the circuit (Fig. M3Al In order to allow greater clearance between the bean
and the circuit it may be preferable to have two circuits with the beam in
between them (Fig, 43B). 1f, however, it is desired to take advantage of
the advanced technology of circular beams this could be done by making a
further modification (Fig., 43C). However, if it is the ridge loaded meander
line we are considering, the circuit is now very similar to a stub supporied
ring and bar circuit in which, as we have already discussed, the fundamental
is increased at the expense of the harmonics, Thus we may find that our
modifications of the simple circuit have successively reduced the impedance
of the desired harmonic. This subject requires further study before the

relative importance of the various factors can be assessed,
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2. Noise

The noise perfurmance of the BWC is of critical importance in
most of the projected applications. A detailed theory of all t:e noise con-
version processes in a BWC would be very involved, the effect of the non-
linearity being to permit countributions to the output noise from a large
number of frequency bands, Experience in the past, particularly with the
longitudinal space charge wave amplifier has taught the lesson that the
neglect of higher order side bands may, in certain circumstances, lead
to entirely erroneous conclusions, Nevertheless we feel that in this
case simple considerations involving only signal, local oscillator and
i.f. frequencies do lead to a correct understanding of the behavior, and
experiments which have been conducted on low frequency tubes support this

view,
In discussing the noise behavior, we will consider the single
circuit and two circuit BWC separately, Tue situation in the latter is

inherently simpler and will be discussed first,

a, The 2 Circuit BWC

The first part of the BWC consists of a conventional BWA, and
the theory of the noise in this case has been very fully worked out, The
classical theory predicts that noise temperatures of the order of the
cathode temperature can be achieved, and a considerable body of more
recent work has shown that by the use of suitable drift regioms, in the
very low velocity region ia the immediate vicinity of the potential mini-
mum, there is no fundamental limit to the exteat to which the noise can ove
reduced., Provided the gain in the BWA section is sufficiently large, it iz
at once clear that the over-all noise figure of the BWC will be chat of wiae
BWA. In practice, however, tne gain may act be sufficiently great, ana

other effects, particuiariy Lhe presence of noise at the i-f frequency

orizinating at the cathode, wust be coas.dered, Lvea belfore doing o we
aust however bear in oiod LhaU Lne besy perfeTmances Voo low aolse BWATG

and TWID's are invariaviy volaiucd usSkin, ve0y oW bede CurTonls, & Couls.

which is not open to us 14 Lhat i€ DEam CUTTEnt Wubo v $aIliClently
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large to bring the oscillator section to & region of efficient oscillation,
It should be emphasized that there is no fundamental reason why the curren:
must be very low, The reason for the choice of a low current lies in the
need to obtain a particular potential profile in the gun region, which
implies a relatively low first anode voltage., There is no reason to expect
that the change to substantially larger currents than normally used in a
low noise tube should have a drastic effect on the noise performance.
Experiments carried out at .5 kmc on a two circuit BWC have in fact led to

noise figures around 8 db,

In considering the additional noise arising from a limited amount
of gain in the BWA section we must consider the noise introduced directly
at the 1-f frequency and also noise at the local oscillator frequency.
Fortunately it turns out that the latter is a second order effect, and that
on the basis of known BWO noise behavior is entirely negligible, We turmn,

therefore, to a consideration of the noise in the i-f channel.

Let Ns be the effective beam noise at the signal frequency at the gun
end of the tube

and

Nif the effective noise at the i.f,
It is usual to relate this noise to the cathode temperature T (even cthough
its physical nature is quite distinct from Johnson noise), and can be ex-

pressed in the form

‘ Y~
Ns mxcg Tc df
and
N, - KF“QT dt
if | c

The r'2 factor is the space charge smoothing factor used in the noise
theory of grid controlled low frequency tubes, The numerical value of this
factor is not easy t¢ predict accurately, but in typical low freguency
conditions lies in the range O.U5 to O,15., Ia the fcllowing we will udnpt
a figure of U,1, Low frequency here means up toa 1UL mc, At higher tre-

. 2 . . , - .
quencies M'rises until it approaches unity at low microwave frequencies,



The 5’2 factor will be greater than unity as a result of ioss,
partition noise, and defects in the space charge wave matching region,
The practical figures which emerge are well known from experience with
ordinary BWA's and TWI's, and depend mainly on the frequency. The use
of guns which provide a suitable drift region immediately in front of

the cathode potential minimum can lead to 5’2

less than unity,--the best
performance at relatively low microwave frequencies being of the order
of 0,2, However, combining all these (physically quite distinct) factors,

the values which can be anticipated at millimeter wavelengths are of the
order of 10,

The noise fipure of an amplifier can be defined as the noise
output related to the noise output for an idealized amplfier of the same
gain, which does not itself contain any sources of noise, It is usual
to define the noise figure in terms of a signal source at an ambient
temperature of T = 300°K, It should, of course, be appreciated that if
the amplifier is used in ''cold sky'" applications where the effective
source nolse may correspond to a very low noise temperature, the noise
figure as defined above, does not directly reflect the effective sensitivity
of the converter, It should be noted that in an application where the sun
is used as the effective signal source the source noise, where '"noise' is

now defined as undesired random signals, may again be very low,
We can write the noise figure NF in the form,

NF - (GN8 + GKTdf + Nif)/Gdef

where G is the over-all converter gain (expressed as a power ratio). Writing

the noise terms in the form used above, we have

2™

NF = 1 + %E { 52 +

—

l

This relationship shows that tne point where insufi.clent gain has a

T
I ‘
[ r

; . L the case of a low 1,1, and

seriously deleterious ericil um Cae ROlse PEYLU¥M&E.C Capends i the Iilse
o
Wy 2

instance on the relative vaiues ; and

f

a typical BWA in the wmillimeter region, the coaversion gain could probabiy
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sink to -15 db before the i-f signal makes a serious contributicn, liowever,
for a substantially higher i.f,, where f’a might be of the order of ¢,5 ana

a BWA using an ultra low noise gun where &,2 might possibly be as low as g,
the i-f noise would begin to make a noticeable contribution, for a conversion
gain which was only negative by a few db, This example is not intended to
indicate our conclusion on optimum design (the higher i-f frequency might

for example lead to an improvement in G which would outweigh the increase

in f’z), but serve merely to illustrate the above results,

b, The Single Circuit BWC

In the case of the single circuit converter, the gain and frequency
conversion functions are no longer separate, However, with the assumption,
already discussed in the case of the two circult converter, that the noise
introduced by the oscillator can be neglected, the noise situation will be
very similar, with one significant exception. The single circuit converter
has no discrimination against the image frequency, so that noise entering
on this band will make an equal contribution to the ultimate i-f noise,

The equation for the noise figure then becomes,
c 2 [12

21
NF =1 + T ( gt G

)

The deterioration of the noise figure by 3 db relative to the two circuit
converter is fundamental, and is the price which must be paid for the

greater simplicity,

It should be emphasized that there are many sources cf noise,
such as interception noise, secondary emission noise ecc, which nave not

been considered above.

To illustrate cne above result 1t is o1 interest to consider
an example, Suppose we ave a single circuit BWC whiicn, aciing as a
conventional backward weve wiplifier would have a woise figure of L0 4o,
Figure L4 then shows nuw tnre conversion gain ot the device aifects the
noise figure, It is seen that provided that the conversion gain does not

fall below around -10db, the deterioration of the woise figure as a resuil

g7~
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of internally generated i-f noise is relatively slight, However, as the
conversion gain becomes smaller the deterioration becomes more marked,
until atvery low conversion gains, the noise figure increases directly
with the magnitude of (negative) G. This example shows the importance

of achieving conversion gains not too far below unity in a single circuit
BWC, This point will be discussed further in comnnection with the proposed

choice of i-f frequency for the single circuit,

c. Minimum Detectable Signal .

In a single frequency low noise TWT, a knowledge of the noise
figure suffices to compute the minimum detectable signal, 1In the case of
the BWC it turns out that this is not strictly true under conditions when
the i-f noise is significant, The reason lies in the fact that the con-
version gain G as used above relates to the internal conversion gain
(e.g., the increase in the effective r-f current squared), and is not the
quantity measured, which depends also on the effective i-f impedance., It
is, nevertheless, of some interest to compute the order of magnitude of
the minimum detectable signal, on the assumption that the observed and

true internal conversion gains do not differ in order of magnitude,

; ‘We can return to the same example considered in Fig, 44. Assuming
that the i-f bandwidth is 2 mc, we obtain the minimum detectable signal,

assuming that this lies 3 db below the noise level,

The above considerations are of a general nature, and the noise
problem is certainly one which requires further and more detailed study.
However, the conclusion based on these considerations is that, provided
that the conversion gain of a single circuit BWC can reacih values no less
than -10 db, a minimum detectable signal of the order of -10C dom should

represent an attainable target at millimeter wavelengtns,
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CONCLUSIONS AND RECOMMENDATIONS

Estimated Power and Magnetic Field Requirements

It 1s estimated that a tube using the ridge loaded meander line and
operating over the range 50 — 75 kMc/s will require a current of 10 mA at a
maximum voltage of 4.5 kV and hence a maximum beam power of 45 watts. To this
will have to be added some allowance for heater power. This calculation assumes
two strip beams, one on either side of the circuit, having a current density of
1 amp/cm2 which does not require a convergent gun. The circuit will be 1 in.

long and the gun will probably be of equal length.

If we consider the space charge forces on an electron on the surface

of a strip beam, it has a trajectory given by the expression :-

2 W 1
(Ql) - . A ¥ o+ = - 2| +210g T+71'°
ap_z w 2 n )

P p Y 4

where Y = y/yo, the ratio of the distance of the electron from the mid plane
to that of the unperturbed electron. The remaining symbols are defined by
Brewer 1. This expression can be integrated to give the limits of the excursion
of the electron. It is found that, for the beams considered, which have a
thickness of 0.006 in. a field of 200 gauss is sufficient to keep the

excursion within 0.001 in. if the beam if launched parallel to the structure.

The excursion of electrons due to thermal velocities however 1is

given by the expression

1
r - 3.37 V*/B

where B is the field in gauss, V the thermal energy of the electrons in volts
and r the radius of the electron orbit in cms. This shows that the field
required to reduce the radius of the eleciron orblts to 0. 000D in., assuming

thermal energies of 0.1 volts from a non-—convergent electron gun is 900 jzaus-.

These are thecoretical figures, and 1t 1s usually assumed that in
practice a considerably itarger [ield than the thecretical will be required.

However this is because calcutations of fireld are usually based on zpace

clree considerations wlone and do not tuke i1nto account thermal velocities

or gun inaccuracies which prevent the beam being launched In a truly parasiel
manner. If we assume a fireld of 900 gauss will be required this wiil not oniy
tahe thermal velocities tntu wccount but will also leave a wide maryin of

salety Tor inaccuratc waunciiing,



Methods of correcting radial velocities arising from the lens
action of gun electrodes which are effective over wide ranges of voltage nave
been discussed by King2 and others, These are expensive in magnetic field
but it is reasonable to hope that a sufficient degree of correction could

be obtained without exceeding the value of field quoted above,

A further improvement could be obtained by the use of an additional,
variable voltage anode. 1In operation this would have to be "tracked" with
the circuit voltage, Further investigation would be required to assess
whether the improvement in beam launching, and the consequent reduction in
magnetic field, which could be obtained in this way is justified when

balanced against the additional external circuit complications,

B, Estimation of Magnet Weight

In general there are three basic methods of magnetically focusing
O-type traveling wave devices; namely, the electromagnet, the permanent magnet,
and the periodic permanent magnet, From the considerations of the previous
section, the magnetic field was estimated to be at least 900 gauss over a
two-inch length, From a physical viewpoint we estimate that a 50 Gc
backward wave converter will have an outside diameter of one-half inch. For
an electromagnet this would mean that at least 100 watts of power would have
to be supplied to the magnet and in addition cooling would be required. For
a device to be used in a space probe this is obviously undesirable and there-
fore the use of an electromagnet has been ruled out, Since the backward
wave converter is a voltage tunable device, the use of a periodic permanent
maznet must also be ruled out as these two conditions are not compatible,

We are therefore left with the choice of permanent wmagnet structures,

Many types of permanent magnat configurations have been devised
to focus beam type traveling wave devices, For this discussion, however, we
will limit ourselves to a tubular arrangement as shown in Figure 45, since

2
straightforward design procedures have been deviscd by Glass”, With a

1., DbDrewer, G.k,, "Some Characteristics of a {ylindrical zleciron Streai
in Immersed Flow", Tranms. IRE EDY% p L3L, Aprii 1757,

2. ding, P.G.R., "Electron Guns for Traveliung Wave Tubes™, SERL Techuical
Journal, 4 , p 1, 154,

3. Glass, !0,S., "Straijhc-Field Permanent Magnets of Minimum Weight for W1

Focusing-Design and Crapaic Aid in ODesign", Precc, IRE, Vol., L5, No,
August 1957.
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With a permanent magnet focusing scheme it is usually necessary to suppress
any radial components of magnetic field, This can be done with field
straighteners of the type illustrated, In general the straighteners consisc
of a series of thin magnetic discs separated by non-magnetic spacers. With

a good straightener the radial field components can be reduced to the order
of one gauss while having negligible effect on the axial field. In following
the procedures of Glass it is necessary to specify three quantities, the
length and inside diameter of the magnet and the required magnetic field,
With a tube diameter of one-half inch it was decided to set the inside
diameter of the magnet at one inch in order to permit room for a straightener.
From here the outside diameter and weight for a given magnet material may be
readily determined, Several trial designs have been worked out for various

field values and the results are as follows,

Outside
Magnetic Field Material Diameter Weight
900 Gauss Alnico 7 3 in, 3.25 1lbs.
1200 Gauss Alnico 8 2.22 inc, 0,81 lbs,
(Improved)
2000 Gauss Platinum-Cobalt 3 in, 6.6 1lbs,

The platinum~-cobalt figures have been included to illustrate that if necessary,
a 2000 gauss field could be obtained; however, the basic cost of the magnetic
material would be considerable. From the table it is seen that a very reason-
able design appears possible with Improved Alnico 8. If we take a most pessi-
mistic viewpoint and say the magnet would have to be larger and an order of
magnitude heavier, the end result would still be reasonable, For information

purposes, Figure 45 has been drawn to full scale for the Alnico 3 values tabu-
lated,

C. Program Recommended for Next Phase

The above discussions have been largely concerned with ladder iines.

for wnich the natural beam shape would correspond to a strip geometry., ALtaouzn
successful high and low power tubes have been built at millimeter wavelwugiis,

in the case of a tube where it is vital to restrict the beam interception to
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the lowest possible value in order to avoid interception nuiss, fuare ave

many advantages in favor of using a circular solid or holliow beam, In

particular the problem of preventing any twist of the strip beam is avoided,

If we start with a double ladder circuit, as indicated in
Figure 46 (a), there are two ways in which we can make a modification
which will permit the use of an interacting beam having circular symmetry.
Figure U46 (b) shows the first of these possibilities; the main disadvantage
is that we have incurred a substantial reduction in available beam area.
Experiments have shown that the dispersion curve of this structure is
indistinguishable from that of Figure L0 (a). The change in impedance

has not as yet been investigated, but is also likely to be insignificant,

In the circuit of Figure 46 (c) we are not faced with any reduction
of beam area, and we can use a high perveance annular beam, The dispersion
curve and impedance is substantially that of a single ladder structure,

In both cases, a ridge (shown dotted) can be introduced in order to achieve
a wider pass band., In both cases matching is effected by combining one
lead-out-bar from each structure, and the results obtained are very similar

to those shown (Figure 19) for a single ladder,

The advantages of the structure of Figure 4O (c) appear to be
dominant, It is this structure which we would propose to use in the first

operating BWC at millimeter wavelengths,

We therefore recommend that the work on the millimeter wave
converter tube be continued and propose that the next logical pnase in
this program is to build an operating tube that will operate in the lower
millimeter range of frequencies, A tube that will operate from 5U to LU «mc
{or some similar bandwidii witn a slightly higher center frequency,; which

. : \ . v s [ A - . - -1 C.
has a circuit as shownu in Figure 4o {c) is a logical starting place,
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From evidence presenued above Lt can be seen that ol

practical, The tasory o. Opoysllion nas veen Jeterained Ly e Ll o

methods which agree close cawuph so that he operation can Lo

The r-{ structures requirved have been studied and broadband struciure:

have been arrived at winicu can pe fabricated by methods {ov whicn
the required skills and techniques., The electren gun and cath.do

are readily available within the present state of the art, the nouise
of the tube should be no more than 15 db, and the weignf and power ro

ments of the device are reasonable for use in a planetary spacecyalc,
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APPENDIX I

BWC BALLISTIC ANALYSIS MODIFICATION TO INCLUDE COSINE TERM

The arproximate analysls previously presenied
modified to incliude the efiect of the ccsinusoidal variation
of the envelope of the accelerating eleciric ficld. The
znalysis proceeds clonr thne same lines as beflcre, wnd 1t turns
out that the .cosinusoidnl vuariation does not complicate the
analysis to any significant extent, Likewise, the rscults
do not differ greatly from thoce obtained previously for the
constunt zmplitude case,

nas bean

The symbols that will bLe used in the nnsiycl. vhat fol-
lows are defined below:

€ -~ clectronic charre
m -~ electronic mass
% -- electronic char;e
w -~ angular- freguency
Vo -- d.c., berm veloclity
Y -- d.c., beam volture
Vg -- WoVve phase velocity
é-— oropagation constant = Wy

4 -~ coordinate along beam

& -. time

& -- time of entraunce ai 2= 0
&K -~ vime of entr.nce la r . dins = W&
¢ -- time of ecuit atea L«

$ -- trunsit angle = W(¢-¢,;
#-- d.c., transit cnple = w &/,

o—— Cleociric field wooliiude
g -- normalized velocity difference = /- (Yel/vg)
=& ~- cifective frequency wcrocin o0 wit

= K f(RE)

& -~ len~th of ‘nuerceiion rosion
£ -- current
?i-- J%

Wass rotio - @fm

o
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nrovided that tle : plﬁtade 0r the electiric field 15 nou too
1arge. With this assumption the squation of motlon may ue
Jritten as
‘ -3y (¢-T,
. nE, mv(t Z,) ?[wé By (E2)]
(1)
To eliminate possible confusion the parameter orevlouSLy
designated as @ will henceforth be denoted by;? i.e.,
gz (= (vlvg) (2)
We note that ,
. B ~By) a wefi- Y% )= gwt
W= 3yt 605(/ :—,°) - ( 4) J
Concequently the equation of motion may be written in the
form g ot
Xy
g% Ew/—mv(é ¢)] s 7% 7.9
a/cd- - 7
Yith the introductlon of the effective frequencyd{2 , deline=d
by
Q= /(24
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scuatlion 5 may be written in the fora
P= @ + ““‘5”?(“’5 #) (2)

wnlch 1z identleal wita the form of LEquatioa 1 of the revi-
ously developed analysis. (See page I-3 of Binoanthly R:vors
No. 2) In this equation the parcmeters and ¢ are de={lined
by the equatioas

ey P B S, sinl- )l
(/42/«5) (._z,/g) (/+fqa§)-'2 (-22qug)? (7

. ‘ . () e
2sint's L 4 L DAY g )l ()
(Grlfag)t -2/4)* (AR fug)®
The important point to recognize here is that all of the
results obtalned for the constunt amplitude czse cun be
applied to this cosinusoidal case hecause the form of the
transit time equations is identical for the two cases,
Therefore we may immediately write expressions for the

various currents:

z - (-a”zz:{/z;__’é)
4, - *él“}f/“g“j” ;‘,) (10)
Z, - -éff/“" 4a) (11)

-/'/

where the current at the entrance plane (& = 0) igs ~iven

by
Z= L[+ #cos(u,l -X)/ (12)

e modification of the cxpression Cor the conversion galn
i o 5lly determ Ln,A. fF>LS Lae pvower outnut of tle 300
and iz tne circult imped .rce for tne bacuward wave, then

I
p iy N
P- E2/(28*K)




Y.'Ei“thi:ﬁé‘:-ﬁ, as requireda for erficient BWO
the ampiitude of the 1.f., current may be wrilt

rfO

Tiy= I, j['w‘,ué{ﬂ/zd,] ) (14)

If the argument of the Bessel function is sufficiently small,

L, ¥ _ &I w; y VB2 601 (15)

We assume that the backward wave amplifier is linear and
introduce a transconductance coefficient, X, defined by

X = #L/V.,

whereTV-is the amplitude of the input oi nal to the BWA, The
output voltage at the i,f, frequency is ;t?‘where _1s the
impedance of the collector at resonance and 1s assumed to be
a pure resistance; so

0

. ) , .

fig = 25wy 0 VB 42T,
47 7z2 KZ

The conversion gain, defined by

G- -20/aaq /I_/__//

T,k

4

is given by

G = .zoéﬂofeﬁdf+20@/¢ +/0 7o sz (17)

The value of the ratl
7 and 8 may be readily de
g‘;-m. For this cuoe
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o L/wg which appears in Equations
e

ternined for the special cuoce of
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APPENDIX II

BWC BALLISTIC ANALYSIS WITH SPACE CHARGE

The approximate anaiysis of the bazckward wave converter
has been extended to include the erlects of space-charge znd

of the cosinusoidal envelope oI the electric flela in the
backward wave oscilllator section of the device, This analysis
combines the simple ballistic analysis presented earlier with
the space-charge analysis developed by the workers at STL (1,2).

We bezgin by assuming an infinite electron bean and space-
charge neutralization of the d.,c. space-charge., Under these
assumptions Maxwell's equations and the equation of wotion may
be written in the followling form:

eaffi-éo,zo (1)

(Y

where

- current density -
- d,c, current.density

- velocity

- charge density

- d.c., charge density
permittivity

- electric fleld stre
- 2pplied electric fi
- time

- cpeciflc charse of un electron

ngth due to space-cnarge
eld

-aupmm&bqr“-
]

These cquutions have been given in an earlier report (2),
and zre includeé here only for completeness,

We w-cume That the znolied electiric Tield is pliven by

ezl part of . )
(P -3%)
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g

£, (at)= £, cos[refze)]E (osz=C)  (4)
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From z¢e. 1,2,3, and 5, it follows that the differential
ecuation for the electron velocity is

: e i,
L 4 it v f?—f/f‘imwg)(tt)e’“

ot
\ ~ - * t"
y eiﬁ‘w/’(t Gg=7% +c.e./

where c,c, denctes the complex conjugate, Carrying out tne dif-
ferentlation we obtain

Rrwe )t ;

(, ;nx( :)€\1adzj

L2y Wir= wiv; +4._o '?"/7(“*“‘?)51

b (7)
Q-ay)(t é) -.7wt}

+ ;(—'z“‘{,f)e7

From this point on we shall work with the complex equation and
take only the real part of the result, We assume a solution
to Eq. 7 of the following form:

v U+ 445_‘/‘“’5"“"'),/_ 36‘7"‘“ (t-4.)

. -, wt, - é-"t:) - .“Jt(
#(’5’(“*")({ %7 +1>e7( WL (&)

where '4 & C, and L are conctants which ¢ ©y bte determined from

Foes

the _ﬁlt; 1 conditLonc and the dlfferentlal eguation. The
initial conditions arc

W= (9)
and

dr/dé hEu (10)

at the time of entry, Z= é; . From the differential equation
we obtain by direct substitution

CO= ghbe SL+wq (11)
anc ?‘z w’a.z (af“y)‘z
D ;,f Do L2 -IF (12)
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where K is independent of frequency. K can be calculated by assuming that at a
slightly different frequency all the coefficients in Eqn (2) will be slightly

different resulting in slightly different roots. Substituting these perturbed
roots into Egn (A.1) we get :-

2
C - 2 6i+4QC 26ivi+SQC vi-v.
= 3 o =J
ik (8, - 8,)(8; - &) 5 + 4QC 8, - 8
VvV, =V B €5.L (A.5)
- = ko, BCL (v. —-8.) e &
5 -6 e i
i k
where
€ 6? +e, 5. +¢
_ 2 "1 1 71 0 (A.6)
i oo 3 62 + 2a., & a .
i 2% T
50 = £, 2, + €, 8y, e, = 3QC,
1+ a,
€, = C + p + Jd
v
W= ;3 , vg - group velocitys

If QC is sufficiently large the asymptotic solution of Egqn (A.2)
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1
6, = jlage)® (A.7)

J

5, = ~slage)f - —L
3 2(gc) /4

Substituting Eqn (A.7) into Egn (A.5) using the fact that QC is large

and employing the asymptotic conditions. of oscillation

B CL

1
n 2
—_— = and b= (4Q0) (A.8)
1/4 2 ‘
2(g0)"/
we get for the case of zero loss
1
1 9x 1 + o 2
K = e + (———-——C > QC (A.9)

which agrees with the expression given by 2-wave theory (see in Appendix 3.2).
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APPENDIX IV

v

Variation of cirouil wave il siow space charge wasve, and gain of the BW”
L4 -
1

culeulated from Z-wave tieury
N’

Assuming a lossy circuil amd taking account of tne iuteraction ol s
circuit wave and of the slow space chnarge wave, the coupled wave equatlois
result in the following formulae for the amplitudes

&4
- 5(L - 2)
A = B e sin a z (A.10)
s s cs
8
S -2 —
A = B e y sin 1 -y d v+
c s ¢
- 3
2 ; : .
+ Ccos 1 -y i z (A1)
o5 /
J
where o
-=1L
[~ N - . -
B e - amplitude of the cireurt wave av oz = O
- s
; SN /4 _ L . .
d = g ¢ /2(gC) -~ coupling coefficient between circult wave
cs e
C N~ and slow space charge wave.
X
T ==
Y 2d
cS

o - attenuation cocfiicrient of the circult wave.

The oscillation condition 1s that at z = L the expression in the curly

brackets of Eqn (A.11) haz to bLe equal zeroc. Thas givis o velationsinp petwers

4L and d L which ix plotted o e 2k,
cs

The gain in first approximation Cob be

- AN ! . » : v . N N .
Appeadix LIT. 3w e A Y 40 P which o en e Do oa bt
i N
Following the same DroCedcic wy cot e
L ' . v )
i (1=v"1 “ ¢ 77 = vi T T { oo - .
P '
{
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we can writoe

Assuming again that the spatial variation 1s the same at w as at )y
< 3
for the one circuit case

- 5{L-2) >
Al = B ge sin T-y" d_.z (A.13)
vhere Bcb ~ amplitude of input signal.

Substituting (A.10) and (A.13) into Eqn (5) using the derived formulae
for g (fast wave is neglected in this 2-wave approximation) and integrating we

get for the i-f current

B B

. sa__¢b N .
llf - VO F(QL, U.], h} (A.]4)
where
1.~ 2 1 ol
F(oL, s h) = <e ok 1-y - e - 1) -
< y
~1
- >
2 oL 9 2 2 ab \ T
-y [.(4y -3) e —»1] p h (dCS +y) + (0 + a1) 1 + > )
(A.15)

In the two-circuit case I ASb l is simply assumed to be constant (the
gain is now independent of the paramcters of the oscillator circuit) which gives

for the i1-f current at the collector :-

i

w. ., 4N / —~%L\
- -

| S
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